Abstract. In many studies, resveratrol has been shown to have a chemopreventive effect in various types of cancer cells.
Introduction
Hypoxia is known to be associated with an increased tumor metastasis and poor survival in cancer patients (1) . Hypoxia activates angiogenesis and stimulates vascular remodeling through hypoxia-inducible factor-1 (HIF-1) signaling pathway. HIF-1 is a heterodimeric transcription factor composed of HIF-1α and aryl hydrocarbon receptor nuclear translocator (ARNT, HIF-1β), and controls the expression of several genes regulated by hypoxia (2) . HIF-1α and HIF-1β mRNAs are constantly expressed under normoxic and hypoxic conditions. However, HIF-1α protein is significantly increased by hypoxia, whereas the HIF-1β protein remains constant regardless of oxygen tension (3) . Under normoxia, HIF-1α protein is remarkably unstable and its degradation by the proteasome is orchestrated by the ubiquitin protein ligase Von Hippel-Lindeau (VHL). In tumor cells, HIF-1 activates the transcription of genes involved in anaerobic metabolism, angiogenesis, survival, invasion/metastasis, serum deprivation and treatment resistance, thus promoting cellular adaptation and survival under hypoxic conditions (4) . In cancer patients, the extent of tumor hypoxia directly correlates with advanced disease stages, poor prognosis and treatment resistance (5) . In response to hypoxia, HIF-1α activates the expression of many downstream genes including vascular endothelial growth factor (VEGF), and thus HIF-1 and VEGF play an important role in angiogenesis and tumor progression. HIF-1α and VEGF expression are upregulated in prostate cancer cells (6) . Because HIF-1α plays a central role in progression and invasion of tumors and metastasis, targeting HIF-1α using small molecule inhibitors represents an attractive strategy for anticancer therapy and/or chemoprevention of prostate cancer (7) .
Prostate cancer (PCa) is a commonly diagnosed cancer in men, and it is the second leading cause of death in men in European Union (EU) and in the USA. The rate of PCa among all new cancer cases has been estimated at 12% in the EU and 29% in the USA (8) . Behavior of PCa is mostly unpredictable; however, its relatively slow progression to malignancy and metastasis provides broader possibilities for its managements, including the suitability for chemopreventive intervention using naturally occurring of synthetic agents (9) .
Trans-3,4,5'-trihydroxystilbene (resveratrol, Fig. 1A ), a polyphenol found in grapes, red wines, peanuts and mulberries, has been reported to exhibit a wide range of biological and pharmacological properties (10) . Moreover, resveratrol has been reported to possess the ability to intervene in multistage carcinogenesis. Resveratrol has been shown to induce apoptosis in LNCaP and DU145 prostate cancer cell lines (11) . Resveratrol has been reported to inhibit the expression of HIF-1α and VEGF in OVCAR-3 cells through multiple mechanisms, such as inhibition of Akt and mitogen-activated protein kinase (MAPK), inhibition of protein translation regulators, and enhancement of proteasomal degradation of HIF-1α protein (12) . Moreover, resveratrol significantly reduced hypoxia-induced HIF-1α protein accumulation and VEGF expression in human tongue squamous cell carcinomas and HepG2 cells, without affecting HIF-1α mRNA expression, partly by inhibiting activation of extracellular signal-regulated kinases (ERK) and Akt, and promoting proteasomal degradation of HIF-1α (13) . Resveratrol also inhibited lysophosphatidic acid-induced metastasis under hypoxic condition in colon cancer cells (14) . However, the underlying mechanism of its anti-angiogenic activity remains unclear. Moreover, the biological activity of resveratrol is limited by its photosensitivity and metabolic instability. In addition, resveratrol is not a potent cytotoxic agent when compared with other chemotherapeutic drugs. Thus, the simplicity of resveratrol, associated with its interesting anticancer activity, offers promise for the rational design of new chemotherapeutic agents.
Several studies reported several resveratrol analogues showing stronger antitumor effects than resveratrol (15) . A novel resveratrol analogue, HS-1793 (Fig. 1B) , does not contain the unstable double bond which resveratrol has. In addition, the position of two of three hydroxyl groups in HS-1793 at the aromatic ring is different from resveratrol. HS-1793 has been shown to inhibit tyrosinase activity more strongly than resveratrol (16) . HS-1793 protects rat heart against hypoxia/reoxygenation injury via attenuating mitochondrial damage (17) . HS-1793, compared to resveratrol, exerted more effective apoptosis induction in Akt-activated cells and showed stronger antitumor activity (18) . HS-1793 induces apoptosis in human breast cancer cells (19, 20) and overcomes the resistance conferred by Bcl-2 in human leukemic U937 cells (21) . HS-1793 enhances antitumor immunity by reducing the CD4 + CD25 + regulatory T cells in FM3A tumor bearing mice (22) and induces the modulation of tumor-derived T cells (23) . Moreover, HS-1793 exhibits potent inhibition of the viability of LNCaP human prostate cancer cells (24) .
In this study, we used resveratrol and HS-1793 to investigate and compare their effects on the expression of HIF-1α and VEGF, and migration under hypoxic condition in PC-3 human prostate cancer cells.
Materials and methods
Chemicals. Trans-3,4,5'-trihydroxystilbene (resveratrol) was purchased from Sigma-Aldrich Co. (St. Louis, MO). 4-(6-Hydroxy-2-naphthyl)-1,3-benzendiol (HS-1793) was supplied by Professor Hongsuk Suh (Pusan National University, Busan, Korea), and dissolved at a concentration of 100 mM in ethanol as stock solution, stored -20˚C. The stock solution was diluted with cell culture medium to the desired concentration prior to use. The maximal concentration of ethanol did not exceed 0.1% (v/v) in the treatment range, where there was no influence on the cell growth (data not shown). The selective proteasome inhibitor, MG132, and protein synthesis inhibitor, cycloheximide (CHX), were from Sigma-Aldrich.
Cell culture. Human prostate cancer PC-3 cells were obtained from American Type Culture Collection (Manassas, VA). PC-3 cells was maintained in RPMI-1640 medium (HyClone, Logan, UT) in humidified atmosphere of 37˚C with 5% CO 2 . RPMI-1640 supplemented with 10% heat-inactivated fetal bovine serum (FBS, HyClone), 2 mM glutamine (Sigma-Aldrich), 100 U/ml penicillin (HyClone) and 100 µg/ml streptomycin (HyClone).
Hypoxia experiments.
Experiments to investigate the effects of hypoxia were carried out in a hypoxia chamber of anaerobic system (Thormo, Marietta, OH). Hypoxic condition was designated as 1% O 2 and 5% CO 2 , temperature was maintained at 37˚C. Normoxia (21% O 2 and 5% CO 2 ) was defined as those conditions in a standard CO 2 incubator. For hypoxia experiments, PC-3 cells were grown to 50% confluence in a standard CO 2 incubator at 37˚C. Twenty-four hours prior to the experiment, cell culture media were placed in normoxic and hypoxic chambers to allow equilibration at corresponding condition. Immediately before each experiment, cell culture media were withdrawn from PC-3 cells and replaced with fresh media that were equilibrated at normoxic and hypoxic conditions for 24 h.
MTT assay. Cell survival was quantified by MTT [(3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrasolium bromide, Sigma-Aldrich)] assay which measures mitochondrial activity in viable cells. Cells seeded at a density of 1x10 5 per well plate were allowed to adhere overnight and then the culture media were replaced with fresh media. Cells were exposed to resveratrol or HS-1793 at concentrations of 25, 50 and 100 µM for 6 h in both normoxia and hypoxia. Control groups were treated with ethanol equal to the highest percentage of (<0.1%) solvent used in experimental conditions for MTT assay. After 6 h the medium was replaced with fresh medium. MTT was freshly prepared at 5 mg/ml in PBS and passed through a filter (pore size, 0.2 µm). An aliquot of 2 ml of MTT stock solution was added to each well, and the plate was incubated at 37˚C for 4 h in a humidified 5% CO 2 . After 4 h, media were removed. To each well, 2 ml of DMSO was added in order to solubilize the formazan, which was measured after 10 min. The optical density of each well was measured with a spectrophotometer equipped with a 540-nm filter.
Protein preparation and western blot analysis. Cells were harvested and washed twice in PBS at 4˚C. Total cell lysates were lysed in lysis buffer [40 mM Tris (pH 8.0), 120 mM, NaCl, 0.5% NP-40, 0.1 mM sodium orthovanadate, 2 µg/ml aprotinin, 2 µg/ml leupeptin and 100 µg/ml phenymethylsulfonyl fluoride (PMSF)]. The supernatant was collected and protein concentrations were then measured with protein assay reagents (Pierce, Rockford, IL, USA). Equal amount of protein extracts were denatured by boiling at 95˚C for 5 min in sample buffer (0.5 M Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 0.1% bromophenol blue, 10% β-mercaptoethanol) in ratio of 1:1. Equal amount of the total proteins were subjected to 6-15% SDS-PAGE and transferred to polyvinylidene difluoride membranes. The membranes were blocked with 5% non-fat dry milk in Tris-buffered saline with Tween-20 buffer (TBS-T) (20 mM Tris, 100 mM NaCl, pH 7.5 and 0.1% Tween-20) for 1 h at room temperature. Then, the membranes were incubated overnight at 4˚C with the primary antibodies. The membranes were washed once for 10 min, 3 times with TBS-T buffer and incubated for 1 h with horseradish peroxidase-conjugated anti-rabbit or anti-mouse immunoglobin (Santa Cruz Biotechnology Inc., Santa Cruz, CA). The membranes were washed once for 10 min, 4 times with TBS-T buffer. Antigen-antibody complexes were detected by the enhanced chemiluminescence (ECL) detection system (GE Healthcare Biosciences, Pittsburgh, PA).
ELISA assay. To analyze VEGF secretion, PC-3 cells were seeded in 12-well plates, cultured to ~50% confluence, pretreated with resveratrol, HS-1793 or ethanol control for 30 min and switched to fresh media pre-conditioned at normoxia or hypoxia. Cells were incubated in the presence or absence of resveratrol or HS-1793 at corresponding conditions for 24 h. The supernatants in the wells were collected, cleared by centrifugation and stored at -20˚C. ELISA was performed using the human VEGF Quantikine kit (R&D Systems, Minneapolis, MN) according to company protocol. Recombinant human VEGF was used for calibration. Experiments were carried out at least three times in triplicates.
RNA extraction and reverse transcription-PCR.
For reverse transcription PCR analysis, total RNA was extracted from cultured cells using an RNeasy mini kit reagent as described by the manufacturer (Quiagen, La Jolla, CA). PCR amplification cDNA was prepared using a Bioneer RT/PCR PreMix containing 1 unit Taq DNA polymerase, 250 µM dNTPs, 10 mM Tris-HCl, 40 mM KCl, 1.5 mM MgCl 2 (Bioneer, Seoul, Korea). The assay was carried out in a 20 µl reaction mixture containing 1 µg of total RNA, 30 pmol of each primer, 1 µg Oligo dT (Bioneer), using a PCR Thermal Cycler Dice Takara TP600 (Takara, Otsu, Japan). The resulting complementary DNA was amplified with the following sets of primers. Oligonucleotide primers for individual markers were synthesized as follows: HIF-1α (sense 5'-CTTGCTCATCAGTTGCCACTT-3', antisense 5'-GCCAT TTCTGTGTGTAAGCAT-3'); VEGF (sense 5'-AGGAGGGC AGAATCATCACG-3', antisense 5'-CAAGGCCCACAGGG ATTTTCT-3'), GAPDH (sense 5'-CGGAGTCAACGGATT TGGTCGTAT-3', antisense 5'-AGCCTTCTCCATGGTGGT GAAGAC-3'). GAPDH served as an internal control. The cycling conditions were as follows: cDNA synthesis at 42˚C for 60 min, RTase inactivation at 94˚C for 5 min, 1X denaturation (94˚C for 30 s), 30X annealing (58˚C for 30 s), and 1X extension (72˚C for 1 min) for 30 cycles. PCR products were analyzed by electrophoresis on 1.5% agarose gel (Bio Basic Inc., Markham, ON, Canada) in the presence of ethidium bromide (Sigma-Aldrich), and were visualized with a UV transilluminator (MultiImage™ Light Cabinet, Alpha Innotech Co., San Leandro, CA).
Wound healing assay. The cells were grown to confluence in 6-well plates for 1 day, and a scrape in the form of a cross was made through the confluent monolayer with a plastic pipette tip. The cells were treated with resveratrol or HS-1793 for 1 h under normoxic condition, and then transferred to hypoxic condition for 24 h. Several wounded areas were marked for orientation, observed, and the photographed by microscopy (x50 magnification) at 24 h after the scratch.
In vitro migration assay. Cell migration assay was performed by using 24-well modified Boyden chambers (Corning Life Science, Corning, NY). Cell migration kit was used for the cell migration assay according to the manufacture's protocol. Confluent cells were added to the inner chamber of the insert in 100 µl of serum-free medium. Medium (600 µl) with 10% FBS was added to the lower chamber. To determine the effect of HS-1793 on cell migration, resveratrol and HS-1793 with a final concentration of 5 µM was added to the lower chamber and ethanol was used as a control. Cells were then fixed and stained with Diff-Quick Stain kit (Baxter, McGaw Park, IL), following the procedure described by the manufacturer. The number of migrating cells was counted under a microscope (x200 magnification) and the results were expressed as the percentage of number of invaded cells per field for each condition.
Statistical analysis. Results were expressed as the mean ± SD of three separate experiments and analyzed by Student's t-test. The mean was considered significantly different at p<0.05 or p<0.01.
Results

Hypoxic condition induces HIF-1α protein in PC-3 cells.
To investigate the effects of hypoxia induced HIF-1α in PC-3 cells, cells were grown to 70% confluence in a standard CO 2 incubator at 37˚C (normoxic conditions of 21% O 2 , 5% CO 2 ) and then transferred to the hypoxia chamber (1% O 2 , and 5% CO 2 ). Cultures were exposed to hypoxia and harvested at various time points (2, 4, 6 and 8 h). The results demonstrate that hypoxia dramatically induced HIF-1α protein expression in PC-3 cells (Fig. 2A) . HIF-1α protein induction was observed in cells 2 h after switching to hypoxia, and become pronounced between 2-8 h under hypoxic conditions, reaching peaks between 4 and 6 h, and 6 h time point was selected for further experiments.
HS-1793 inhibits hypoxia-induced HIF-1a in PC-3 cells.
Next, we investigated whether HS-1793 was able to suppress the observed responses to hypoxia in PC-3 cells. Cells were pretreated with medium containing 25-100 µM resveratrol or HS-1793 for 1 h at normoxia then transferred into hypoxia chamber. Cells were exposed to hypoxia for 6 h and then washed with PBS and lysed inside the chamber. Resveratrol treatment significantly inhibited HIF-1α levels by 20, 50 and 75% at 25, 50 and 100 µM, respectively (Fig. 2B) . HS-1793 treatment also significantly inhibited HIF-1α levels by 50, 55 and 85% at 25, 50 and 100 µM, respectively, compared to non-treatment cells (Fig. 2C) . Moreover, HS-1793 inhibited HIF-1α expression more than resveratrol in PC-3 cells. This result showed that HS-1793 is more effective than resveratrol in inhibiting the expression of HIF-1α in PC-3 cells.
Decreased HIF-1α protein level is not due to cell death.
To investigate the effects of HS-1793 induced cytotoxicity under normoxic and hypoxic conditions and whether cytotoxicity is responsible for suppression of HIF-1α accumulation, cell viability was determined by MTT assay. When PC-3 cells were treated with various concentrations of resveratrol or HS-1793 (25-100 µM) for 6 h in normoxic and hypoxic conditions, no significant concentration-dependent reduction of the viability was observed (Fig. 3A and B) . These data show that the decrease of HIF-1α is not due to cell death at both normoxic and hypoxic conditions.
HS-1793 downregulates hypoxia-induced VEGF expression.
VEGF is one of the target genes of HIF-1, which plays a crucial role in tumor angiogenesis. HIF-1 regulates the expression of VEGF at the transcriptional level (25) . To determine whether HS-1793 inhibits VEGF expressions in PC-3 cells, VEGF levels were measured by ELISA kit. Cells were incubated at hypoxic conditions in the absence or presence of 25-100 µM resveratrol or HS-1793. Twenty-four hours later, cell culture media were collected and the VEGF level was analyzed. VEGF levels were increased under hypoxic condition. However, VEGF induction was decreased concentration-dependently by treatment with resveratrol or HS-1793 (Fig. 4) . HS-1793 more efficiently inhibited VEGF expression than resveratrol in PC-3 cells. This result showed that HS-1793 is more effective than resveratrol in inhibiting the expression of VEGF in PC-3 cells.
HS-1793 does not affect hypoxia-induced VEGF mRNA expression.
As the downregulation of HIF-1α protein levels by resveratrol and HS-1793 would be caused by a decrease in its mRNA level, the effects of HS-1793 and resveratrol on the expression of HIF-1α mRNA levels under hypoxic condition were measured by reverse transcriptional-PCR. The cells were pretreated with medium containing 25-100 µM resveratrol or HS-1793 for 1 h at normoxia then transferred hypoxia chamber and exposed to hypoxia for another 6 h, then mRNA sample was collected. As shown in Fig. 5A , resveratrol did not affect HIF-1α and VEGF mRNA expression under hypoxic conditions, neither did HS-1793 affect HIF-1α and VEGF mRNA expression under hypoxic condition in PC-3 cells (Fig. 5B) . These results indicated that the inhibition of HIF-1α expression under hypoxic condition by resveratrol or HS-1793 was not through the reduction of mRNA level, suggesting posttranscriptional mechanisms of resveratrol or HS-1793 actions on HIF-1α expressions.
HS-1793 inhibition of PI3K/Akt signaling pathway is involved in downregulation of HIF-1α protein. Previous studies have
shown that multiple signaling pathways, particularly phosphatidylinositol 3-kinase (PI3K)/Akt and MAPK/ERK are involved in hypoxia-induced HIF-1α protein accumulation and its downstream target gene expression (26) . To explore whether HS-1793 can inhibit hypoxia-mediated activation of Akt, PC-3 cells were pretreated with various concentrations of resveratrol or HS-1793 for 1 h in normoxia, followed by incubation under hypoxia for 6 h, and then cells were washed with PBS and lysed inside the chamber. Resveratrol and HS-1793 affected the phosphorylated Akt levels in a concentration-dependent manner ( Fig. 6A and B) . To check whether HIF-1α or Akt activation was due to hypoxia, LY294002, a commonly used PI3K inhibitor, was used. LY294002 significantly blunted the elevation of HIF-1α, pAkt protein levels when cells were exposed to hypoxia (Fig. 6C) . These results show that the decrease of HIF-1α under hypoxic condition in PC-3 cells is related to the regulation of PI3K pathway.
HS-1793 degrades HIF-1α protein via the proteasome pathway.
To examine whether HS-1793 induced HIF-1α protein degradation is mediated by the proteasome degradation pathway, cells were treated with proteasome inhibitor MG132 for 30 min and then treated with medium containing resveratrol or HS-1793 for 30 min. Next, cells were exposed to hypoxia for 6 h, cells were then washed with PBS and lysed inside the chamber. The degradation of HIF-1α protein with resveratrol or HS-1793 treatment was completely prevented by MG132 (Fig. 7A and B) . These data indicate that HS-1793 induced HIF-1α protein degradation through the proteasome degradation pathway.
HS-1793 affects stability of HIF-1α protein.
To evaluate the mechanism by which resveratrol and HS-1793 inhibit the expressions of HIF-1α, cells were exposed to hypoxia to induce HIF-1α protein. This step was necessary because very little HIF-1α is detectable under normoxic conditions due to rapid protein degradation. Cycloheximide (CHX), a protein synthesis inhibitor, is widely used in protein stability studies. Cells were incubated for 6 h in hypoxic condition and treated with CHX for an additional 30 min in the presence or absence of 50 µM resveratrol or HS-1793. Cells were harvested at various time points and cell lysates were analyzed by western blot analysis using anti-HIF-1α antibody. Under hypoxic conditions, the half-life of HIF-1α was determined to be over 4 h when the cells were treated with CHX alone or in combination with resveratrol and 1 h when treated with HS-1793 (Fig. 8A-C) . The half-life of HIF-1α was determined to be 4 and 2 h when treated with CHX and resveratrol or when treated with CHX and HS-1793, respectively (Fig. 8D) . These data showed that resveratrol and HS-1793 treatment reduced the half-life of HIF-1α protein under hypoxic conditions, indicating that, mechanisms by which resveratrol and HS-1793 treatment regulate HIF-1α expression is by decreasing protein stability. These results suggest that HS-1793 affected hypoxia-induced HIF-1α protein stability in PC-3 cells. Moreover, HS-1793 is more effective in hypoxia-induced HIF-1α protein stability in PC-3 cells.
HS-1793 inhibits hypoxia-induced migration.
Hypoxic condition has been shown to stimulate migration in various cancer cells, including ovarian cancer cells and resveratrol reduced hypoxia-induced migration (27) . To determine whether HS-1793 inhibits motility of PC-3 cells, wound-healing experi- Figure 6 . Role of PI3K in the accumulation of HIF-1α in PC-3 cells. Cells were exposed to 1% O 2 , treated with various concentrations of (A) resveratrol, (B) HS-1793 and (C) LY294002 for 6 h. Total cell lysates were prepared and subjected to western blot analysis using corresponding antibodies. Representative results from three independent experiments are shown. β-actin was used as a loading control. Figure 7 . Effects of resveratrol and HS-1793 on HIF-1α protein degradation. Cells were exposed to 1% O 2 and treated with (A) resveratrol or (B) HS-1793 for 6 h in the presence or absence of 20 µM MG132. Total cell lysates were prepared and subjected to western blot analysis using corresponding antibodies. Representative results from three independent experiments are shown. β-actin was used as a loading control. ments were performed. In hypoxic conditions, PC-3 cells had increased motility compared to normoxic conditions (Fig. 9A) . As shown in Fig. 9B and C, resveratrol and HS-1793 inhibited motility in hypoxic conditions. In hypoxic conditions, scratch area was decreased due to hypoxia-induced motility compared to normoxic conditions. Scratch areas were increased by 15 and 20% at treated with resveratrol or HS-1793, respectively, compared to that of hypoxic conditions (Fig. 9D) . HS-1793 is more effective in hypoxia-induced motility in PC-3 cells. These working concentration did not reveal cytotoxicity (data not shown). We also tested whether HS-1793 affected PC-3 cell migration activity in vitro. PC-3 cells were treated with resveratrol or HS-1793 in the presence or absence of hypoxic condition. As shown in Fig. 10A , there was little cell migra- (Fig. 10B) .
Discussion
Although resveratrol is photosensitive and its stilbene double bonds are readily oxidized, its interesting anticancer activity offers promise for the rational design of new chemotherapeutic agents. HS-1793, in comparison to resveratrol, shows more potent activities, such as growth inhibition, downregulation of HIF-1α and VEGF expressions, and inhibition of hypoxia-induced migration of PC-3 human prostate cancer cells.
Angiogenesis, sprouting new blood vessels from existing endothelium, is essential for wound repair, organ regeneration, embryonic vascular system development and a variety of pathological conditions, including tumor angiogenesis and liver fibrosis (28) . The tumor growth, development and metastasis are dependent on angiogenesis, especially for the solid tumors (29) . Increased angiogenesis has been shown to be associated with the tumor development of metastasis, poor prognosis and reduced survival. In addition, anti-angiogenic agents, if administered before a tumor develops or becomes vascular supply-dependent, would therefore theoretically act similar to a vaccine in preventing tumor development, not only the tumor growth (30) . Therefore, understanding the mechanisms of angiogenesis regulation could provide new therapeutic options for cancer treatment.
The mechanism-based efficacy without any considerable side-effect is an essential requirement for the clinical development of a cancer chemopreventive agent. In prostate cancer, ligand-induced signaling often drives cell proliferation and survival, which are accompanied by deregulated cell cycle progression (31) . Many signaling pathways are constitutively active leading to persistent growth and progression in human prostate cancer. In this manner, human prostate cancer cells keep accumulating neoplastic genetic and epigenetic changes leading to the metastatic disease. Furthermore, angiogenesis has been observed as an obligatory requirement for the solid tumor growth, including prostate tumors (32) . In view of these facts, HIF-1α could be a logical chemopreventive target to control prostate cancer cell-derived angiogenesis.
Resveratrol has been extensively researched for its powerful antioxidant capacity and other biological effects (33) . However, resveratrol is unstable and its stilbene double bonds are readily oxidized, the simplicity of resveratrol, associated with its interesting anticancer activity, offers promise for the rational design of new chemotherapeutic agents. A novel resveratrol analogue, HS-1793, does not contain the unstable double bond which resveratrol has. In addition, the position of two of the three hydroxyl groups in HS-1793 at the aromatic ring is different from resveratrol.
HIF-1α protein level is tightly regulated by oxygen tension via the ubiquitination and 26S proteasomal degradation system. Under hypoxic conditions, the ubiquitination and degradation of HIF-1α protein is inhibited, thus leading to the stabilization and accumulation of HIF-1α protein (34) . In this study, HS-1793 inhibited the level of HIF-1α protein expression in PC-3 cells (Fig. 2C) and significantly shortened the half-life of hypoxia-induced HIF-1α protein (Fig. 8C) . Moreover, HS-1793 data showed that the inhibition of hypoxia-induced HIF-1α protein accumulation by HS-1793 was abolished in the presence of MG132, a potent inhibitor of the 26S proteasome (Fig. 7B) . Thus, HS-1793 inhibited HIF-1α protein expression via interfering both protein translation and HIF-1α protein degradation. However, to understand the mechanism by which HS-1793 exerts potent anti-angiogenic activity, further studies are required.
Previous studies have shown that hypoxia stimulates the activation of several signaling pathways, particularly PI3K/Akt (35) . In this study, hypoxic condition also induced PI3K/Akt in PC-3 cells (Fig. 6A) . Treatment with LY294002, a specific inhibitor of PI3K/Akt, supports the notion that PI3K/Akt pathway is important for hypoxia-mediated HIF-1α stabilization. Consistent with its inhibitory effects on hypoxia-induced HIF-1α protein accumulation and VEGF expression, HS-1793 inhibited hypoxia-stimulated activation of PI3K/Akt in a concentration-dependent manner (Fig. 6B) , suggesting the involvement of this signaling pathway.
Most recently, studies have shown that HIF-1α overexpression, either as a result of intratumoral hypoxia or genetic alterations, activates the transcription of genes, the protein products of which contribute to the basement membrane invasion of colon cancer cells. These findings provided a molecular basis for clinical and experimental evidence associating tumor invasion and patient mortality with hypoxia and/or HIF-1α overexpression (36) . In this study, HS-1793 inhibited the stimulatory effects of hypoxia on the invasive ability of PC-3 cells (Figs. 9 and 10 ), which could be attributed to its potent inhibitory effects on hypoxiainduced HIF-1α protein accumulation and VEGF expression (Fig. 4) . However, additional studies are needed to identify the associated genes that are directly or indirectly involved in HS-1793-regulated cancer cell invasion in response to hypoxia and/or HIF-1α overexpression.
In conclusion, HS-1793 downregulated HIF-1α protein levels in PC-3 cells. This inhibition of HIF-1α protein expression was associated with destabilization of HIF-1α protein, prevention of HIF-1α target gene activation. HS-1793 also inhibited hypoxia-induced cell migration. These data suggested that HS-1793 may inhibit human prostate cancer progression and angiogenesis by inhibiting HIF-1α and VEGF expression. Moreover, HS-1793 showed more potent effect than resveratrol on the cytotoxicity of PC-3 cells. Taken together, these results implied that HS-1793 might be a new potent chemopreventive agent against human prostate cancer cells.
